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Abstract 
The two by far most common and economically important tree species in Sweden 
are Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies (L.) H. Karst). 
Despite a long history and tradition of silvicultural research on these species, few 
studies comparing their growth at the same sites have been performed, preventing 
accurate species comparisons. Hence, the goal of this thesis was to examine growth 
differences between Scots pine and Norway spruce at different rotation stages and 
disentangle potential underlying reasons for the observed differences. To do so, field 
experiments with both species growing together were utilized, and the importance 
of species choice was highlighted. In Papers I-II it was shown that Scots pine 
seedlings had a higher early growth, and nitrogen (N) uptake was found to be a 
reason for the initial growth response. Site preparation was favorable for the growth 
of both species, however, Norway spruce seedlings were severely hampered in the 
low nutrient environment created by removing all the organic material. Such 
practices should be avoided when planting Norway spruce. It was also concluded 
that N2-fixation in fine roots did not explain the superior initial N uptake of Scots 
pine. In Paper III it was found that Scots pine produced 126% more stem wood than 
Norway spruce after 57 years. No overyielding could be found when both species 
grew in a mixture. However, a mixture provides several other benefits compared to 
monocultures. Species choice determines long-term possibilities and limitations and 
is important for more reasons than only growth parameters, as it has a significant 
influence on biodiversity and ecosystem services on different scales (Paper IV). In 
this regard, Scots pine has a potential to provide several win-wins. This thesis puts 
species choice in a wider context by increasing the scientific knowledge regarding 
growth patterns, growth responses, ecosystem services and biodiversity. 
Keywords: Pinus sylvestris, Picea abies, regeneration, nitrogen, seedlings, mixed 
forest, competition, growth, site preparation, ecosystem services, biodiversity 
Author’s address: Oscar Nilsson, SLU, Southern Swedish Forest Research Centre, 
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Gran (Picea abies) och tall (Pinus sylvestris) är de två överlägset vanligaste och 
ekonomiskt viktigaste trädslagen i Sverige. Trots en lång och gedigen historia och 
tradition av skogsskötselforskning, så finns det få studier som jämför arternas tillväxt 
på samma mark. Denna brist på studier försvårar möjligheten att göra tillförlitliga 
tillväxtjämförelser mellan arterna. Ett av målen i denna avhandling var att utvärdera 
tillväxtsskillnader mellan gran och tall i olika skeden under omloppstiden, samt att 
utröna potentiella orsaker för dessa skillnader. Därav studerades experiment där båda 
trädslagen växte tillsammans och trädslagsval belystes i ett vidare perspektiv. I 
papper I-II visades att tallplantorna växte bättre än granplantorna de första åren 
efter utplantering och att kväveupptaget var en viktig anledning till denna skillnad. 
Markbehandlingsmetoden där markprofilen vändes uppochner gynnade båda 
trädslagen, medans granens tillväxt reducerades i den markbehandling som tog bort 
allt organiskt material och således stora delar av växtplatsens tillgängliga 
näringsinnehåll. Därför bör markbehandlingar som avlägsnar stora mängder humus 
undvikas vid granplantering. Resultat från papper II visade även att kvävefixering 
i finrötter inte förklarar tallens högre initiala kväveupptag. I papper III hade tall 
producerat över dubbelt så mycket stamved som gran efter 57 år. I försöket ingick 
förutom monokulturer av gran och tall även blandskog av båda trädslagen men ingen 
blandskogseffekt kunde påvisas. Blandskogen har dock flera andra fördelar jämfört 
med trädslagsrena bestånd. Trädslagsvalet är ett av markägarens viktigaste beslut, 
det bestämmer de långsiktiga förutsättningarna och är viktigt av andra anledningar 
än endast tillväxtsaspekter. I papper IV visades att tallskogar tillhandahåller en 
avsevärt högre nivå av ekosystemtjänster och biodiversitet. Denna avhandling sätter 
trädslagsvalet i ett större sammanhang än endast biomassaproduktion. 
Nyckelord: Pinus sylvestris, Picea abies, föryngring, kväve, plantor, blandskog, 
konkurrens, tillväxt, markberedning, ekosystemtjänster, biodiversitet 
Författarens adress: Oscar Nilsson, Sveriges lantbruksuniversitet, Institutionen för 
Sydsvensk Skogsvetenskap, postbox 49, 230 53  Alnarp, Sverige  
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A people without the knowledge of their past history, origin and culture is 
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The silvicultural tradition in Sweden has a long history; the first handbook 
was published already during the 18th century (Rosensten, 1737). The first 
higher forestry education jägmästarutbildningen started at The Royal Forest 
Institute in 1829, with the purpose to educate in forest management and 
contribute to the development of forest research (Kardell, 2004). The State 
Forest Research Institute (Forstliga försöksanstalten) was formed in 1902 
with the task of enhancing forest management and biological knowledge 
through experiments and surveys (Schotte, 1917). The scientific research 
history about Scots pine (Pinus sylvestris L.) and Norway spruce (Picea 
abies (L.) H. Karst) is rigorous, as thousands of studies have been carried out 
since the first documented regeneration experiment of Scots pine was 
established in 1887 by jägmästare Thorsten Örtenblad (Kardell, 2004). One 
of the first experimental field trials was sown with both Scots pine and 
Norway spruce seeds in 1888-1890 and established at several locations in 
southern and central Sweden (Wibeck, 1912). A unique exception, as most 
of the subsequent silvicultural research was conducted on an individual 
species level, thereby preventing accurate species comparisons for site-
species recommendations. Up until today, both species have been thoroughly 
but separately studied down to the molecular level, as mapping of the 
Norway spruce genome has been done (Nystedt et al., 2013), and is soon to 
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1.1 Scots pine and Norway spruce 
Scots pine and Norway spruce are by far the most common and 
economically important tree species in Sweden, each comprising 
approximately 40% of the standing volume (SLU, 2020). Scots pine is a 
pioneer species with rapid initial growth and early culmination of mean 
annual increment (MAI). The species is adapted to cope with recurrent fires, 
and has poor shade tolerance (Engelmark & Hytteborn, 1999). Scots pine is 
characterized by a high stress tolerance, which allows it to grow well in a 
wide range of soil conditions. It can hence occupy habitats that are 
unfavorable for other tree species, by tolerating different combinations of 
stress, extreme acidity and alkalinity, waterlogging and drought (Kelly & 
Connolly, 2000). Scots pine can form pure stands at nutrient poor sites where 
few other tree species can compete (Engelmark & Hytteborn, 1999). Other 
adaptations are a deep root system that makes it more wind resistant, and 
thick bark protecting from fire (Lundmark, 1988). 
 
Norway spruce is a late successional species with slower initial growth, 
but more sustained over time (Lundmark, 1988). As a shade-tolerant species, 
needles of Norway spruce can adapt to grow in dark conditions, and it can 
replace its needles if the conditions change (Gebauer et al., 2011). The 
canopy in Norway spruce stands is of high density (Goude et al., 2019), 
which is a competitive advantage since it restricts other tree species from 
establishing underneath. Compared with Scots pine, Norway spruce is more 
sensitive to uprooting and windthrow (Peltola et al., 2000; Valinger & 
Fridman, 2011). The species is naturally adapted to sites without frequent 
fires and relies more on gap dynamics caused by windthrow, stem breakage 
or disturbances where suppressed trees are released as competition locally 
decreases (Engelmark & Hytteborn, 1999).  
1.2 Regeneration 
Regeneration is a critical stage in forestry as it sets the conditions for 
the future silvicultural possibilities and can be seen as the start of a long-term 
commitment. In Sweden, more than 80% of the Swedish forest clearcuts are 
regenerated by planting of either Scots pine or Norway spruce (Bergquist et 
al., 2011). Several different aggravating factors arise in this phase (Burdett, 
1990), which can lead to possible negative financial impacts. Poor survival 
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and slow initial growth should be avoided as it is important for seedlings to 
grow fast after planting in order to reduce the time when they are most 
exposed to severe stress by e.g., insects, browsing, frost and competing 
vegetation (Nilsson et al., 2010). 
 
An effective way to mitigate stress factors at regeneration is mechanical 
site preparation (Nilsson et al., 2010; Sikström et al., 2020). Mechanical site 
preparation improves growth by reducing competition for nutrients and 
water, and risk for frost and pine weevil damage, while it at the same time 
often increases nutrient mineralization, water availability, soil temperatures, 
etc. (Nilsson & Örlander, 1999; Langvall et al., 2001; Thiffault et al., 2004; 
Lebel et al., 2008; Nordlander et al., 2011; Löf et al., 2012; Johansson et al., 
2013; Thiffault et al., 2013). Mechanical site preparation has also shown 
long-term positive growth effects (Boateng et al., 2006; Johansson et al., 
2013; Prevost & Dumais, 2018; Hjelm et al., 2019). As a consequence of the 
positive effects, 92% of the regeneration area to be planted in Sweden is 
mechanically site prepared (SFA, 2014), commonly by disc trenching or 
mounding. 
 
Scots pine has been reported to initially grow faster than Norway spruce 
(Wibeck, 1912; Örlander et al., 1990b; Johansson et al., 2015; Luoranen, 
2018; Nilsson et al., 2019). A common problem for Norway spruce seedlings 
is growth check, also referred to as planting shock, which restricts seedling 
growth during the first years after planting to varying degrees (Grossnickle, 
2000). Several studies have reported a poor initial growth of Norway spruce, 
dating back to Wibeck (1912), who found most seedlings being < 0.5 m tall 
19-21 years after sowing on Calluna heathlands in southern and central 
Sweden. Jonsson (2001) reported a dominant height of 2 m, 15 years after 
regeneration for the experiment in Paper III (central Sweden). Örlander et 
al. (1990b) reported an average height < 0.5 m after 23 years in burned- or 
control treatments, and < 2 m after ploughing treatments at a site 50 km from 
the Baltic seacoast in northern Sweden. Nilsson et al. (2012) reported an 
average height of Norway spruce seedlings of 1.5 m after 15 years across 12 
sites in northern Sweden. 
 
A major issue hindering the establishment of Scots pine is the “browsing 
dilemma”. Due to high game densities, the risk of browsing damage is 
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perceived as high by forest owners, making them hesitant to invest in 
planting Scots pine even on the most appropriate sites (Lodin et al., 2017). 
The hunting community (of which many forest owners are members) 
commonly wants to maintain high population densities of game. Such high 
densities, in combination with intensive forestry and the effects these have 
on forage availability and distribution, leads to a high browsing pressure and 
high damage in Swedish forests. Browsing of Scots pine shoots by moose 
(Alces alces) and other ungulates in young stands can regionally be severe. 
For example, the Swedish national young stand browsing inventory (ÄBIN) 
showed that on average 43% of Scots pine saplings had browsing damage 
made by cervids during 2016-2020 (SFA, 2020), with high possible 
economic losses as a consequence (Nilsson et al., 2016). Other types of 
browsing damage, such as browsing of Norway spruce seedlings by roe deer 
(Capreolus capreolus) (Bergquist & Örlander, 1998) and bark stripping in 
Norway spruce stands by red deer (Cervus elaphus) can locally be severe 
(Månsson & Jarnemo, 2013; Jarnemo et al., 2014). These facts are likely 
forming the composition of the future forests, and recent data from 2015-
2018 indicates that the proportion of forest area in Sweden with Scots pine 
stands (> 1500 Scots pine stems ha-1, 1-4 m in height) is 7.6% for all 
regenerated forest land, and only 1.5% in southern Sweden, indicating a 
substantial decrease of the species in the future (Ara, 2020, unpublished data, 
November 2020). 
1.3 N uptake and N2-fixation 
Forest ecosystems in the boreal zone are nitrogen (N) limited (Vitousek 
& Howarth, 1991; Fenn et al., 1998; Bergh et al., 1999) just like many other 
terrestrial and marine ecosystems in the world (Tamm, 1991; Vitousek et al., 
1997). It is hence crucial for seedlings to establish a sufficient N uptake after 
outplanting (Margolis & Brand, 1990). N can be derived from internal 
sources of storage by retranslocation, or from external sources by 
mineralization of soil organic matter, N2-fixation, organic N uptake via 
mycorrhiza to roots, N deposition or fertilization (Näsholm et al., 1998; 
Millard & Grelet, 2010). For a seedling or a tree, retranslocation of N that 
has been taken up previously is of utmost importance, as approximately 50% 
of the N use comes from retranslocated N and the remaining 50% from new 
uptake, but the variation is rather high (Millard & Grelet, 2010). The relative 
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dependency of retranslocated N is lower in high N environments because of 
high N uptake. 
 
N can also be added to an ecosystem by N2-fixation, by for example free-
living or endophytic diazotrophs (bacteria and archaea). N2-fixation can be 
found in, for example, aboveground tree residues (Brunner & Kimmins, 
2003), roots (Granhall & Lindberg, 1978; Mäkipää et al., 2018), soil, foliage 
etc. (Son, 2001). Findings from Canada have shown bacteria living in 
internal tissues (endophytic diazotrophs) of lodgepole pine (Pinus contorta 
var. latifolia Engelm. ex S. Watson) and hybrid white spruce (Picea glauca 
x engelmannii), possibly facilitating the species to grow well in nutrient poor 
environments (Padda et al., 2018; Puri et al., 2018). 
 
Stable isotopes are an important tool in plant ecology to better understand 
how plants interact with their surrounding environment (Dawson et al., 2002; 
Fry, 2006). They can be used for various  types of research, from microbial 
to whole landscape levels (Fry, 2006). The labeled substances’ isotopic 
composition usually exceeds the natural occurring level, and is compared to 
the background level (Dawson et al., 2002). A way to quantify N uptake and 
retranslocation in seedlings or trees is by using the 15N isotope. A typical 
approach is to add 15N to the soil, including a control where no 15N has been 
added. 
1.4 Productivity  
Traditionally, Scots pine is recommended to be used on dry poor to 
intermediate fertile sites (Albrektson et al., 2012) as many previous non-
experimental studies have found that Scots pine performs better on such sites 
compared to Norway spruce. Leijon (1979) found that Norway spruce grew 
better or similar than Scots pine on all site types in a study of adjacent stands. 
Öyen and Tveite (1998) found in a similar survey study of 92 adjacent stands 
in Norway that Norway spruce had a 100% higher potential growth than 
Scots pine. Ekö et al. (2008) used national forest inventory (NFI) data to 
estimate potential growth ratios of Scots pine and Norway spruce and found 
a better growth of Norway spruce in southern Sweden with decreasing 




However, recent experiments have contrasted above studies showing 
Scots pines’ potential to grow better than Norway spruce on intermediate and 
fertile sites. Jonsson (2001) found in an experiment in central Sweden that 
Scots pine had a 165% higher total volume compared to Norway spruce after 
40 years, and in the same experiment Holmström et al. (2018) reported a 
126% higher total volume of Scots pine after 57 years. Nilsson et al. (2012) 
examined productivity of Scots pine and Norway spruce in an experiment at 
12 sites, spanning over a wide fertility gradient in northern Sweden. Scots 
pine produced on average 240% more total volume across sites at a total age 
of 52-82 years. Norway spruce only matched growth of Scots pine at one 
very fertile site. Drössler et al. (2018) found that the growth of Scots pine 
had 17% (southern Sweden) to 844% (northern Sweden) higher total volume 
production than Norway spruce at ages between 26-57 years. The study 
included seven sites across Sweden with monocultures of both species and 
mixtures. Nevertheless, Vollbrecht et al. (1995) reported Scots pine to have 
21% lower MAI compared to Norway spruce after 40 years at a fertile west-
facing slope in southwestern Sweden. It should be taken into consideration 
that thinning was carried out four times down to a basal area of 18-19 m2 ha-
1 for Scots pine and 27-28 m2 ha-1 for Norway spruce, which could have 
skewed the results in favor of Norway spruce. 
1.5 Mixed forest 
An alternative to monocultures of Scots pine or Norway spruce is to grow 
them in a mixture. Mixed forests in Sweden are common, but the proportion 
depends on the definition used (Appendix 1). For example, the Swedish 
National Forest Inventory (NFI) showed that the amount of mixed forest can 
vary from 20%-74%. The lower proportion of mixed forest comes from the 
standard monoculture classification, while the higher proportion comes from 




When mixing two species there are a few possible production outcomes 
of how the mixing affects productivity (i.e., growth, total volume or biomass) 
according to del Río et al. (2018) (Figure 3):  
1) “Transgressive overyielding”, i.e., productivity of the mixed stand is 
higher than the productivity of the highest producing monoculture,  
2) “non-transgressive overyielding”, i.e., productivity of the mixed stand 
is higher than the theoretical mixture (the sum of half of the productivity of 
both monocultures, from here-on referred to as “theoretical mixture”),  
3) “non-degressive underyielding”, i.e., productivity in the mixed stand 
is lower than the theoretical mixture,  
4) “degressive underyielding”, i.e., productivity in the mixed stand is 
lower than the worst growing monoculture.  
 
 
Figure 3. Illustration of the types of over- and underyielding (based on Hector, 1998; 
Fridley, 2001). Two monocultures of different productivity are plotted, A and B, and the 
theoretical mixture of them (the sum of half of the productivity of both monocultures). If 
a mixture of A and B has lower productivity than the higher producing monoculture (in 
this case A), but higher productivity than the theoretical mixture, it overyields but non-
transgressively. If the productivity in the mixture is greater than the most productive 





An increase in growth of mixtures is in theory explained by 
complementary effects, meaning that species use different available 
resources. Another explanation could be facilitation, meaning that one 
species enables the other species to increase resource utilization, such as 
when one species can fixate atmospheric N2 (Pretzsch, 2018). Both types of 
overyielding indicates beneficial interspecific interactions, which are of 
special scientific interest, and have been found in several survey studies of 
mixed and monoculture stands (Pretzsch, 2018), including mixed stands of 
Scots pine and Norway spruce (Bielak et al., 2014).  
 
There are few published experiments in northern Europe investigating 
growth of Scots pine and Norway spruce in mixtures. Lindén and Agestam 
(2003) found a non-significant trend that volume increment in mixture was 
higher than in monocultures (transgressive-overyielding). Most sites in 
Sweden in the study of Drössler et al. (2018) did not show overyielding, 
however transgressive-overyielding was observed at the site in southern 
Sweden where Lindén and Agestam conducted their study. Furthermore, 
Jonsson (2001) found a significant non-transgressive overyielding, as the 
volume growth of the Scots pine-Norway spruce mixture was higher than the 
theoretical mixture, but not higher than the Scots pine monoculture. 
 
However, there are other reasons than only volume production for 
growing mixed forests. Other important aspects are regulatory potential 
benefits in terms of decreased risk for windthrow, pests and pathogens 
(Felton et al., 2016). Aesthetics and outdoor recreation could be expected to 
increase in a mixed forest compared to monocultures as mixtures are often 
aesthetically preferred (Gundersen & Frivold, 2008), probably due to 
openness and higher understory light levels (Eriksson et al., 2012). In 
addition, mixtures of Scots pine and Norway spruce would, compared to 
Norway spruce monocultures, increase the range of environmental 
conditions and increase the potential variety of habitats (Felton et al., 2016). 
Hence, compared to monocultures of Norway spruce, a mixture seems to be 
beneficial for biodiversity, cultural- and regulatory services, as well as 
providing provisioning advantages, economic flexibility (Felton et al., 2016) 
and an insurance against low production. 
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1.6 Biodiversity and ecosystem services 
The provisioning ecosystem service of wood production is of major 
importance in Sweden, indicated by annual harvest levels (85 million m3), 
and possible utilization rates of the forest (5% of the productive forest land 
is formally protected) (SLU, 2020). A first approach to a modern sustainable 
forestry was made in 1993 when the Swedish Forest Act gave equal status to 
environmental and production objectives (Gov. bill 1992/93:226). Hence, 
today’s forests provide a wide range of ecosystem services and support forest 
biodiversity (Felton et al., 2020a). For example, Sweden’s forests are 
supposed to provide environments for non-timber forest products, recreation, 
as well as crucial habitats for biodiversity. Since the Swedish Forest Act of 
1993 came into place, important biodiversity indicators such as amount of 
broadleaf trees and dead wood has increased significantly (Jonsson et al., 
2016; SLU, 2020), and the amount of dead wood at different stages of decay 
is crucial for thousands of species (Berg et al., 2002; Stokland et al., 2012).  
 
 Outdoor recreation connected to forests is a strong tradition in 
Sweden (Fredman et al., 2014). Visiting the forest for hunting, collection of 
non-timber forest products, physical activities or to just experience the 
pleasure and beauty of nature are important for the public (Lisberg Jensen & 
Ouis, 2014). These recreation activities provides probable wellbeing and 
mental health benefits (Oh et al., 2017; Buckley et al., 2019). Collection of 
bilberry (Vaccinum myrtillus) is a common activity motivating forest visits. 
Bilberry is one of the most important wild berry species, collected for both 
household consumption and sale (Lindhagen & Bladh, 2013; Sténs & 
Sandström, 2013). Mushroom picking is another activity with long tradition. 
The total annually collected amount can be more than 15 million liters 
(Yrjölä, 2002). Furthermore, hunting can be added to list of benefits that 
forests produce, with an estimated value exceeding 300 million Euros 




The overarching goal of this thesis was to examine growth differences 
between Scots pine and Norway spruce in different stages during a rotation, 
to disentangle potential underlying reasons for differences, and thereby 
expand the knowledge basis regarding growth patterns and growth 
responses. In addition, an aim was to provide increased basic scientific 
knowledge regarding site-specific tree species choice. 
 
In the first part of the thesis (Paper I), early growth of Scots pine and 
Norway spruce seedlings was evaluated for different site preparation 
treatments at fertile- and poor sites in northern and southern Sweden. In the 
second part (Paper II), reasons behind initial growth responses from the first 
study was examined using a stable isotope to investigate relationships 
between N uptake and retranslocation. Potential N2-fixation was also studied 
by acetylene reduction assay. In the third part (Paper III), the growth of 
mature Scots pine and Norway spruce in mixtures or monocultures in central 
Sweden was investigated to further determine species differences found in 
the first and second study. In the fourth part (Paper IV), the importance of 
species choice was highlighted in a wider context by compiling existing 
literature regarding implications of a species shift from Scots pine to Norway 
spruce in southern Sweden, focusing on stand- and landscape scale. 
 
The following objectives were addressed in this thesis: 
 
I. To determine establishment and early growth responses of Scots 
pine and Norway spruce, and examine possible reasons for 
differences between species (Papers I-II). 
2. Thesis aims 
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II. To determine the productivity of Scots pine and Norway spruce 
as monocultures and mixtures, and assess biodiversity and a 
wide range of ecosystem services connected to both species, as 
well as possible implications of a species shift from Scots pine 




To address the specific objectives of this thesis, field experiments were 
used (Papers I and III), a combination of field experiments and laboratory 
experiments (Paper II), as well as a review study (Paper IV). In this section, 
the material and methods are briefly summarized; further details can be 
found in the individual papers. 
3.1 Regeneration studies (I-II) 
3.1.1 Study sites and field measurements (I-II) 
The four trials used in these studies were selected to represent fertile and 
poor sites in northern and southern Sweden, and were designated: NorthPoor, 
NorthFertile, SouthPoor and SouthFertile (Figure 4). The trials were 
established in 2011 and 2012. At all sites, a split-plot design with four blocks 
was applied. Three site preparation treatments were applied over the entire 
main plot (7 x 8 m, i.e., not spot-wise): control (no site preparation); removed 
humus (RH, i.e., removal of the organic layer); and deep soil cultivation 
(DSC, i.e., inverting the entire soil profile) (Figure 5). Containerized Norway 
spruce and Scots pine seedlings of suitable provenances were randomly 
planted within the main plots with a 1 x 1 m spacing. Seedlings were 
measured (height from the ground, diameter at ground level, and length of 
leading shoot) after planting and after every growing season during 5-6 
years. 
  
3. Material and methods 
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Figure 4. Locations of the four sites used in the regeneration studies (Papers I-II). 1 = 
NorthPoor, 2 = NorthFertile, 3 = SouthPoor and 4 = SouthFertile (Nilsson et al., 2019). 
 
Figure 5. Photo illustrating an excavator performing the deep soil cultivation treatment 




3.1.2 Nitrogen aspects sampling and analyzes (II) 
The natural occurring atom % abundance level of 15N is 0.3663, compared 
to 99.6337 of 14N (Fry, 2006). In this study, the seedlings were enriched with 
15N at the nursery to a baseline concentration. By knowing the starting value 
of the 15N isotope in the seedlings from the nursery, the concentration of 15N 
in new needles indicates uptake of unlabeled N, and how much the seedling 
has depended on retranslocation. The proportion of N in needles of new 
shoots derived from N acquisition in the field (“N derived from uptake” or 
Ndfu) and the proportion of N in needles of new shoots derived from N 
retranslocation (“N derived from retranslocation” or Ndfr) was calculated 
after the two first growing seasons. 
 
 In order to analyze potential N2-fixation capacity, fine roots from 
seedlings of both species were sampled in every treatment plot during late 
spring and early autumn 2017, i.e., after 5-7 growing seasons. Fine roots 
were collected and stored until the start of the laboratory analyzes. Samples 
were analyzed using a 24-hours acetylene reduction assay using a gas 
chromatograph (Perkin Elmer Inc. Clarus 500 GC).  
3.2 Mixture experiment (III) 
The Främlingshem trial used in this study is located in central Sweden. It 
was regenerated in 1956 by sowing mixed seeds of Scots pine and Norway 
spruce. Ten blocks of monocultures of both species and a mixture were 
established a few years after the sowing by applying early pre-commercial 
thinning to on average 2873 stems ha-1. The mixed treatment was done with 
approximately half of that stem number for each species. Diameter of all 
trees and heights of sample trees were recorded in 2014 to calculate standing 
volume. Increment cores were also taken to estimate the current growth rate 
(PAI, periodic annual increment), by measuring the ring-width growth 
during the last five-year period. 
3.3 Review study (IV) 
Available research about differences in ecosystem services and 
biodiversity in stands of Scots pine and Norway spruce was reviewed to 
evaluate implications of a species shift from Scots pine to Norway spruce. 
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Selected topics frequently raised by forest stakeholders including damages, 
production, biodiversity and recreation connected to stand conversion were 
investigated. Consequences of a conversion from Scots pine to Norway 
spruce were then examined with a focus on the following ecosystem services 
and biodiversity: 
 
• Cultural services 
Aesthetics and recreation 
 
• Provisioning services 
Biomass production and wood products 
 
• Regulatory services 
Abiotic and biotic risks, climate suitability 
 
• Biodiversity 
Vascular plants, bryophytes, birds, large herbivores etc. 
 
Boolean search terms were used to find relevant peer-reviewed studies. 
For example, search terms used to find relevant studies on biodiversity of 
birds were: (‘‘Scots pine’’ OR ‘‘Pinus sylvestris’’ OR ‘‘Norway spruce’’ OR 
‘‘Picea abies’’) AND ‘‘bird*’’. Databases used were Web of Science 
(http://www.isiwebofknowledge.com/), Google Scholar (http://scholar. 
google.com.se), and Scopus (https://www.elsevier.com/solutions/scopus). 
Published studies, books and reports were also obtained from colleagues and 
reference lists. Studies conducted in even-aged stands of Scots pine or 





4.1 Early growth of Scots pine and Norway spruce (I) 
In this study, the species’ survival and growth was monitored at both 
fertile and poor sites in northern and southern Sweden after site preparation 
of various intensity. No significant differences in growth responses of either 
species to site preparation treatments during the first year were detected, 
consistent with previous studies on boreal coniferous species (Löf, 2000; 
Johansson et al., 2005). Significant differences in the growth response were 
first detected after two or three years, which is in line with findings of 
Örlander et al. (1996b). Scots pine subsequently grew more rapidly at all 
sites and in all site preparation treatments (Figures 6 and 7). Norway spruce 
most closely matched Scots pine’s leading shoot growth and total stem 
volume at the SouthFertile site. The difference between the two species was 
generally most pronounced in the RH site preparation, in which the humus 
layer and hence large proportions of available nutrients were removed. The 
finding of a more rapid early growth of Scots pine compared to Norway 
spruce is in accordance with many studies from both Finland and Sweden 
(Örlander et al., 1990b; Johansson et al., 2015; Luoranen, 2018).  
 
Growth of both species was highest following DSC site preparation at 
most sites (Figure 6). In DSC plots, seedlings’ early growth was relatively 
poor in the north, but they subsequently outperformed seedlings in the other 
treatment plots, possibly due to increased mineralization and nutrient 
availability, which previously has been observed after site preparation 
(Örlander et al., 1990a; Schmidt et al., 1996; Lebel et al., 2008). In addition, 
growth check of Norway spruce, which is a common phenomenon 
4. Main results and discussion 
34 
(Grossnickle, 2000), was detected following every treatment in the second 
growing season, and throughout the entire study period following the RH 
treatment (Figures 6 and 7). This may have been due to the removal of 
nutrients, especially nitrogen, in the organic layer, as found in other studies 
(Simard et al., 2003; Powers et al., 2005). Interestingly, differences in 
leading shoot growth and total stem volume of Scots pine seedlings between 
DSC and RH treatment were found at the poor but not the fertile sites. This 
may indicate that improvements in nutrient availability following the DSC 
treatment at poor sites have contributed to their increased growth. 
 
There were no significant treatment differences in the growth of Scots 
pine seedlings at the SouthFertile site (Figure 6), indicating that they acquire 
enough nutrients to maximize stem volume growth, even when the humus 
layer was removed. The SouthFertile site seems to be so fertile that it might 
not be necessary nor possible to increase growth for either of the two species. 
In addition to soil nutrients, other factors may also have been affected by the 
site preparation. Low soil temperature often limits growth, but can be 
increased by soil scarification (Örlander et al., 1990a; Grossnickle, 2000, 
2005; Thiffault et al., 2013). Soil temperature was generally lowest, and field 
vegetation cover was highest in the control plots. The increases in soil 
temperature and reduction of competing field vegetation associated with the 
RH treatment probably at least partially compensated for the accompanying 




Figure 6. Observed leading shoot growth (cm) following the three site preparation 
treatments at the four experimental sites of Scots pine (SP) and Norway spruce (NS) 
seedlings during the first six or five growing seasons at the northern and southern sites, 
respectively. Site preparation treatments: Control (no site preparation), Removed Humus 
(RH) and Deep Soil Cultivation (DSC). Different letters next to an observed mean 
indicate significant differences within site and growing season according to the Tukey 
multiple comparison difference test (Nilsson et al., 2019). 
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Figure 7. Photos from two field sites. Top left:  Norway spruce seedlings experiencing 
growth check, and well-growing Scots pines 5 years after planting in the RH treatment 
at the SouthFertile site. Top right: Norway spruce and Scots pine saplings thriving in the 
DSC treatment at the SouthFertile site 5 years after planting. Bottom left: Slow growth 
of both species 6 years after planting in the RH treatment at the NorthPoor site. Bottom 
right: Improved leading shoot lengths of Norway spruce 6 years after planting in the DSC 
treatment at the NorthPoor site (Photos: top left; Nils-Anders Färdmo, the remainder; 
Oscar Nilsson). 
4.2 N uptake, retranslocation and N2-fixation in Scots pine 
and Norway spruce (II) 
In this study, underlying reasons for initial growth patterns from Paper I 
were examined using the stable isotope 15N. The proportion of N in needles 
of new shoots derived from N acquisition in the field (“N derived from 
uptake” or Ndfu) and the proportion of N in needles of new shoots derived 
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from N retranslocation (“N derived from retranslocation” or Ndfr) was 
calculated.  
 
Ndfu was significantly higher for Scots pine compared to Norway spruce, 
indicating that Norway spruce had a higher dependency on Ndfr (Figure 8). 
Seedlings of both species were still dependent on old N from the nursery 
after two growing seasons at the harshest site (NorthPoor), whereas seedlings 
at the other three sites almost had reached asymptotic levels of 15N (Figure 
8). 
 
Figure 8. Ndfu as a percentage of N in needles of new shoots derived from uptake at the 
sites across site preparation treatments. The asterisk indicates significant differences 
between species. 
The relationship between Ndfu after the first growing season and leading 
shoot growth the following year across all sites clearly showed that increased 
Ndfu led to an increased leading shoot growth (p < 0.0001) (Figure 9a). 
However, for Norway spruce in the north, especially at the NorthFertile site, 
there was a tendency that leading shoot growth the second year had no 
relationship to Ndfu the first growing season (Figure 9a). Indicating that there 
may be other limiting factors besides N, such as low soil temperature, poor 
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access to water or lack of other nutrients (Margolis & Brand, 1990; 
Grossnickle, 2000). A relationship between Ndfu after the second growing 
season and leading shoot growth next year was found at the NorthPoor site 
(Figure 9c) and for the other three sites (Figure 9b). The pattern that 
increased N uptake leads to increased leading shoot growth the following 
year are in line with previous research (Nilsson & Örlander, 1999; 
Grossnickle, 2000; Nordborg et al., 2003).  
 
Figure 9 (a-c). Ndfu as percent of N in needles of new shoots derived from uptake against 
leading shoot growth the following year for Scots pine (hollow figures, dashed line) and 
Norway spruce (solid figures, full line) after: (a) the first growing season at all sites; (b) 
the second growing season at all except the NorthPoor site; (c) the second growing season 
at the NorthPoor site. 
The approach of 15N dilution used in our study differed from the typical 
approaches (Barraclough, 1995; Murphy et al., 2003; Millard & Grelet, 
2010). In our study, we chose to enrich the seedlings to high levels of 15N in 
the nursery and followed the Ndfu and Ndfr in new needles. A strength of our 
approach is that seedlings were cultivated from seed to the stage at which 





The other part of this study investigated potential N2-fixation capacity in 
fine roots. The results indicated a higher potential N2-fixation of Scots pine 
(p < 0.0001) across sites, both at the spring and autumn samplings. Studies 
from Sweden have shown that Scots pine can grow well in bare mineral soil 
plots in Sweden with low N levels (Kardell, 2010; Nilsson et al., 2019), and 
thus maybe get their N from an unknown source. These prior observations 
led to a hypothesis that this unknown source could be N2-fixation. Studies 
from Canada have reported that lodgepole pine can grow well on gravel 
mining pits with a lack of topsoil and essential plant nutrients such as N 
(Chapman & Paul, 2012), suggesting that N2-fixation could be involved in 
the unexpected good growth at these types of sites (Padda et al., 2018; Puri 
et al., 2018). However, the results from our study showed that in Sweden, 
the unknown N source is not from N2-fixation in fine roots during the 
establishment phase. This was based on a sensitivity analysis showing a 
contribution of N2-fixation to total annual N uptake of around 0.1%. The 
annual addition of N from N2-fixation was hence disregarded for the Ndfu and 
Ndfr variables. 
 
The N2-fixation results found in our study is in contrast to findings by 
Granhall and Lindberg (1978), who found that Norway spruce had higher 
rates of N2-fixation. However, our values for Norway spruce are similar to 
those reported by Mäkipää et al. (2018) in older trees from Finland, despite 
their focus on coarser roots. Mäkipää et al. (2018) upscaled their results for 
Norway spruce to stand level N2-fixation per hectare and reported values of 
0.06 and 0.15 kg ha-1 year-1, which is a fraction of the total N uptake of 
mature trees (Korhonen et al., 2013; Sponseller et al., 2016). Comparing N2-
fixation capacities of fine roots found in our study with feather mosses, our 
rates were around 100 times lower (DeLuca et al., 2002; Leppänen et al., 
2013; Stuiver et al., 2016).  
 
A possible limitation in our study is that we approximated potential N2-
fixation, which could be an overestimation compared to actual N2-fixation as 
no control vials with fine root samples without acetylene were analyzed. 
Importantly, any corrections (of naturally emitted ethylene) would only lead 
to a lower N2-fixation capacity. 
40 
4.3 Productivity of Scots pine and Norway spruce in 
monoculture and mixture (III) 
 In this study at Främlingshem, growth differences between Scots pine 
and Norway spruce found in Papers I-II were further investigated later in 
the rotation, as well as their potential growth in mixtures. Standing volume 
(m3 ha−1) of Scots pine in monoculture plots was 126 % higher than Norway 
spruce after 57 years (Figure 10).  
 
 
Figure 10. Mean standing volume (m3 ha−1) for all blocks (n = 9) in the experiment for 
Scots pine in monoculture (SP.mono), Norway spruce in monoculture (NS.mono), the 
mixture of the two species (Mix) and the theoretical mixture (T.mix). Error bars represent 
the standard deviation between blocks (Holmström et al. 2018). 
The mixture of Scots pine and Norway spruce had a non-significant 
higher standing volume and PAI during the last five-year period than the 
theoretical mixture (i.e., a tendency of non-transgressive overyielding) 
(Figure 10). The standing volume of Scots pine was higher in the mixture, 
while it was lower for Norway spruce when compared with the theoretical 
mixture (Figures 10 and 11). The PAI estimation still showed significantly 
higher growth rate of Scots pine than Norway spruce, meaning that total 
production was still diverging. The PAI also indicated a shift in growth 
relations between treatments with time. The standing volume of the mixture 
was significantly higher than the theoretical mixture in 1999 (non-
transgressive overyielding) (Jonsson, 2001), but not in 2014. This trend 
between the mixture and theoretical mixture could be because of the species’ 
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different growth patterns. Further, transgressive overyielding of Scots pine 
and Norway spruce mixtures have previously only been observed at one site 
in southern Sweden, where a mixture produced 8% higher total volume than 
the highest producing monoculture (Drössler et al., 2018). 
 
The diameter distributions of the two species in monocultures and 
mixtures showed that the effect of increased or decreased competition 
probably was more important for explaining the results than complementary 
or facilitation effects (Figure 12a-b). The diameter distributions of Scots pine 
in monoculture and mixture is similar to the diameter distribution in high- 
and low density stands (Pettersson, 1993), suggesting a spacing effect. That 
Scots pine had higher diameters in mixture (Figure 12a) was also found by 
Lindén and Agestam (2003). In our study, the different diameter distribution 
patterns of the subdominant Norway spruce in monoculture and mixture 
indicates increased competition from Scots pine when growing together 
(Figure 12b), which is in line with other studies (Forrester & Smith, 2012; 
Pretzsch et al., 2015). Scots pine also had a lower height-diameter ratio (HD-
ratio) in the mixture, another sign of reduced competition, as low ratios often 
are found in low density plantations or after heavy thinning (Wallentin, 
2007). For Norway spruce, the HD-ratio was higher in the mixture for higher 
diameter classes, thus indicating increased competition. 
 
The finding that Scots pine had a higher total growth compared to Norway 
spruce is consistent with results from Nilsson et al. (2012) who found that 
Scots pine on average had produced 240% more stem wood compared to 
Norway spruce in experiments with both species planted on the same sites in 
northern Sweden. Drössler et al. (2018) also found that Scots pine would 
grow comparably well on three fertile sites in southern Sweden, showing the 
potential of Scots pine even on those kinds of sites. This fact may be 
explained by the low initial growth of Norway spruce observed in many 
experiments (Wibeck, 1912; Björkman, 1953; Örlander et al., 1990b; 
Jonsson, 2001; Nilsson et al., 2012). 
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Figure 11. Photos from the Främlingshem site during 2018. Top left: Norway spruce in 
monoculture. Top right: Scots pine in monoculture. Bottom: Mixture of Scots pine and 




Figure 12. Frequency distribution of stems in diameter classes, all blocks. Upper panel, 
12a, Scots pine in pure and mixed treatments. Lower panel, 12b, Norway spruce in pure 
and mixed treatments (Holmström et al. 2018). 
An important aspect to take into account is that growth characteristics of 
both species varies, Scots pine being a “sprinter” with a rapid initial growth 
and Norway spruce being a “slow-starter” with a more sustained growth. 
Hence, the timing of the comparison affects the production outcomes. 
Therefore, comparing the growth in younger stages is problematic, and 
should ideally instead be done over a full rotation until the culmination of 
MAI. Another complication regarding growth comparisons is the complexity 
of providing similar conditions and comparable silvicultural treatments 
throughout a full rotation of two different species, to make the results as 
comparable as possible.  
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Establishing a mixture in the regeneration phase reduces the risk of a full 
rotation with unnecessarily low production, which could happen if the slower 
growing species is selected. A mixture is also an insurance to species-
specific biotic or abiotic damages occurring any time during the rotation 
made by browsing, pests or pathogens, etc. More than 80% of the Swedish 
clearcuts are regenerated by planting only one of Scots pine or Norway 
spruce (Bergquist et al., 2011), a safer bet could be to at least consider a 
mixture of both species.  
 
A drawback with this study is that it is only one site, which makes it hard 
to draw any general conclusions. The dilemma regarding which species to 
choose is complex, as previous studies are showing contradicting results. 
Results from the few existing experiments shows that Scots pine in general 
has a better or similar growth compared to Norway spruce (Jonsson, 2001; 
Nilsson et al., 2012; Drössler et al., 2018), with some exceptions (Vollbrecht 
et al., 1995). A second way to compare the growth between the species is by 
using survey data from paired stands with similar conditions growing in the 
proximity of each other. Such studies in Sweden (Leijon, 1979)  and Norway 
(Öyen & Tveite, 1998) shows a superiority of Norway spruce, except at poor 
or dry sites. A third way to compare growth of both species is by using 
national forest inventory (NFI) data to estimate site index (SI) by using site 
properties (such as field vegetation, see Hägglund & Lundmark, 1977), and 
then compare outcomes from growth models. This third way was done by 
Ekö et al. (2008) who found that Norway spruce in Sweden on average had 




4.3.1 The “million-dollar question” 
As many studies show similar or better growth of Scots pine compared to 
Norway spruce in scientific experimental setups, it leads to the “million-
dollar question”:  
Why does Scots pine production compare better to Norway spruce in 
scientific field experiments than in survey studies?  
 
There is no question that scientific field experiments are superior to 
survey studies when comparing potential production of two or more tree 
species. However, problems with field experiments are that they are limited 
in the representation of site properties and they may only reflect the first part 
of the rotation. Therefore, various types of survey studies or measurements 
in temporary plots have been used to overcome these drawbacks. However, 
it turns out that results from scientific field experiments are different from 
results of survey studies or comparing SI.  
 
Problems with using survey studies or studies comparing SI could for 
example be: 
• Previous management history and owner goals are unknown. 
• Site-species selection, “as you sow, so shall you will reap”. Using 
Scots pine only on poor sites may not allow reliable growth 
comparisons between the two species. 
• Management guidelines typically include thinning to a lower 
basal area for Scots pine (over-thinning), which may result in an 
underestimation of potential Scots pine production. 
• Potential errors in converting SI from one species to the other. 
 
Problems with using scientific field experiments could for example be: 
• Old experiments use old seedling material and often without 
mechanical site preparation. Modern mechanical site preparation 
and seedling material may comparatively improve growth of 
Norway spruce more than for Scots pine. 
• New experiments with modern seedling material and mechanical 
site preparation only enable comparisons early in a rotation when 
trees are still young, as it takes a long time to grow a full rotation. 
Early comparisons between tree species are not ideal and may be 
misguiding. 
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• The influence of prescribed burning on growth of either tree 
species in old experiments, as it was a more common site 
preparation method used in the past. 
 
It may be important to keep in mind that prescribed burning was done 
before sowing in Study III. The effect of prescribed burning on the growth 
of Norway spruce has shown contradicting results in previous studies. For 
example, early studies in southern and central Sweden showed that 
prescribed burning in general affected the growth of Norway spruce 
negatively (Wibeck, 1912). In addition, a study involving burning and 
ploughing treatments in northern Sweden also showed that Norway spruce 
grew less after prescribed burning compared to ploughing and untreated 
control (Örlander et al., 1990b). Growth was  reduced by 50% for the species 
at a site in northern Sweden after prescribed burning compared to the 
unburned control after 40 years (Kardell & Laestadius, 1987). It was found 
that SI for Norway spruce was negatively affected by prescribed burning, 
indicating lower growth, in a study of 800 stands across Sweden (Elfving, 
1983). However, no clear negative growth effect was found for the species 
in a study of two experiments in central and northern Sweden after 16 years 
of growth (Nykvist, 2000). In addition, there was no indication of lower 
production of Norway spruce relative to Scots pine on sites that were burned 
compared to not burned in a study at 12 locations in northern Sweden 
(Nilsson et al., 2012). Further, a positive growth response was found with 
increasing fire severity for Norway spruce in northern Sweden after one 
growing season (Bansal et al., 2014). 
 
For Scots pine on the other hand, growth following prescribed burning 
has also shown inconsistent patterns. For example, Scots pine has been 
reported to grow better after prescribed burning in Sweden (Wibeck, 1912) 
and Finland (Mäkitalo, 1999; Mäkitalo et al., 2010). SI of Scots pine has also 
been found to be positively affected by prescribed burning, indicating 
increased growth (Elfving, 1983). However, inconsistent results of Scots 
pines’ growth after prescribed burning was found in a study at three sites in 
northern Sweden, (Örlander et al., 1996a). Nevertheless, fire severity could 
be a key factor influencing soil nutrients and controlling the effect on growth, 
as high fire severity led to a reduced growth in the mentioned study. Further, 
Scots pine grew best in the intermediate burn after one growing season in 
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northern Sweden (Bansal et al., 2014), indicating that variation in fire 
severity may lead to variable growth responses. 
 
 A possible indication that fire severity could play an important role in 
specific tree-species growth response is found in Paper I.  In that study, the 
growth of Norway spruce was severely hampered at all sites in the RH 
treatment that removed the entire organic layer, which could be comparable 
to a burn with a high fire severity. The negative effect on the growth of Scots 
pine in this treatment was comparably lower, and there was no negative 
growth response at the most fertile site (SouthFertile). That Scots pine can 
grow well at sites where the entire organic layer has been removed has also 
been shown in other studies in Sweden (Kardell, 2010). Hence, the growth 
of Norway spruce may have been more negatively affected by high-severity 
burning compared to Scots pine in old scientific experiments. 
4.4 Implications of replacing Scots pine with Norway 
spruce (IV) 
In this study, the importance of tree species choice was emphasized in a 
wider context, and implications of a shift from Scots pine to Norway spruce 
regarding ecosystem services and biodiversity in southern Sweden was 
investigated. Regarding biodiversity, a shift in tree species has complex 
implications, as projections depend on the scale. At the stand level scale, the 
diversity of bryophytes and birds were projected to increase, while the 
diversity of large herbivores and vascular plants were projected to decrease. 
Light levels can be very low in Norway spruce stands, restricting the cover 
of vascular plants but not the cover of bryophytes (Petersson et al., 2019). 
The diversity decrease of large herbivores probably stems from two main 
reasons, the first being that other tree species than Norway spruce are 
preferred by browsers (Månsson et al., 2007). The second reason is that 
available forage for cervids such as moose can be restricted in dense low 
light stands (Felton et al., 2020b), and important forage species such as dwarf 
shrubs have decreased during the last 20 years due to for example denser 
forest stands (Hedwall & Brunet, 2016). The bird diversity is projected to 
increase, as studies have found possible higher diversity in Norway spruce 
forests (Lindbladh et al., 2019), however, Scots pine forests can exclusively 
support certain species (Gjerde & Saetersdal, 1997). A change in community 
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composition at a landscape scale was projected for all biodiversity 
components mentioned, except for large herbivores. 
 
Impacts of a conversion on ecosystem services were assessed in three 
main categories being: provisioning, regulatory and cultural services. Firstly, 
production outcomes and wood products provided were projected to be 
negatively influenced by a conversion from Scots pine to Norway spruce 
(Table 1). 
 
Secondly, regulatory services were divided into abiotic and biotic risks. 
All abiotic risks, such as damage from climate, storms, drought, and frost 
were expected to have negative outcomes from a conversion from Scots pine 
to Norway spruce (Table 1). Only fire damage had uncertain outcomes. Most 
biotic risks were also projected to have negative outcomes of a conversion, 
as increased damage from bark beetle and root rot is highly probable. 
Browsing damage had a contradicting projected outcome. A conversion 
would most likely decrease the damage in stands that are regenerated with 
Norway spruce instead of Scots pine but increase on a landscape scale since 
the browsing pressure in the remaining Scots pine stands will be increased.  
 
Thirdly, all cultural services were projected to have a negative outcome 
from a conversion (Table 1). Scots pine has been preferred over Norway 
spruce in aesthetic visual preference studies (Tyrväinen et al., 2003). 
Recreational values such as hiking, hunting and berry-picking were hence 
also projected to decrease, as a conversion most likely would lead to darker 
Norway spruce forests. For example, the cover of Vaccinium spp. has been 
found to be almost non-existent in Norway spruce forests in southern 
Sweden, compared to a cover of around 50% in Scots pine forests (Petersson 
et al., 2019). A conversion could in turn decrease the important contribution 
berries have as a food resource for animals, decreasing populations of birds 
and game species, and reduce the benefit of recreational activities such as 
bird watching, hunting and berry-picking. 
 
The outcome for ecosystem services and biodiversity from a conversion 
from Scots pine to Norway spruce was complex, and came from three main 
related negative interacting sources. The first source was risks specific to 
Norway spruce, the second was risks with Norway spruce growing on 
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unsuitable sites, and the third was the risk of an augmented uniform Norway 
spruce landscape. The above described risks and implications of a conversion 
highlights the importance of species choice in a broader context. Planting 
Norway spruce in unsuitable environments would not only influence growth 
negatively as described in Papers I-II, but it would also have wide 
economical, ecological and cultural implications. 
 
A major mitigation effort to slow down or stop this uncontrolled 
experiment should be in focus as soon as possible, as the ongoing conversion 
spiral would likely further increase the browsing pressure in the remaining 
Scots pine stands, further reinforcing the use of Norway spruce (Wallgren et 
al., 2013; Bergqvist et al., 2014). One mitigation method could be mixed 
stands of both species, as it can have several benefits compared to 
monocultures such as risk reduction, increased forest habitat variation and 
societal benefits (Gundersen & Frivold, 2008; Felton et al., 2016). 
Establishing a mixed forest could, for example be done by planting both 
species, or using natural regeneration of one species combined with planting 
of the other. An example of the latter is the combination method, where 
planting of Norway spruce is combined with natural regeneration of Scots 
pine. The combination method was considered to have potential and 
experiments were established, but these were not followed after stand 
establishment since an early evaluation showed restricted potential (Nilsson 
et al., 2006). Unfortunately, species choice at regeneration seems to be driven 
by beliefs and tradition of which species will have the best growth on a site 
and browsing risk, and not always on science. 
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Table 1. Expected implications at the stand level of pine conversion to spruce for ecosystem 
services. Outcomes are graded in terms of positive outcomes ‘‘↑’’, negative outcomes ‘‘↓’’, 
and uncertain outcomes ↕. ‘‘Effect modifier’’ indicates management that has a strong impact 
on outcomes. Confidence levels (i.e. *,**,***) are ‘‘possible’’, ‘‘probable’’, and ‘‘highly 
probable’’ outcomes, but are not relevant to ‘‘uncertain’’ outcomes (Felton et al. 2020) 
Ecosystem services Positive or negative 
outcomes 
Effect modifiers 
Provisioning    
   Biomass production ↓* Varies with type and extent of 
disturbance (e.g. browsing pressure 
vs. storm damage) 
   Product diversity ↓**  




    Forest aesthetics ↓**  
    Hiking ↓**  
    Hunting ↓*  
    Bilberry picking ↓***  




Projected outcomes due to: 
  
   Climate damage ↓** Extent of future GHG emissions  
   Storm damage ↓*** When thinning and harvest takes place 
   Drought damage ↓***  
   Fire damage ↕ Ignition risk may be lower in spruce, 
but damage higher if a fire occurs; 
unknown implications of spruce on 
dry sites 
   Frost damage ↓***  
  
Biotic risks 
Projected outcomes due to: 
  
  Browsing damage  ↑*** However, conversion may increase / 
focus landscape scale damage 
 Spruce bark beetle damage ↓***  
 Other bark beetle damage ↓** Tree stress may allow other bark 
beetles to become pest species 
  Root rot damage ↓*** Higher spruce stem densities are likely 
to increase risks 
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The overarching goal of this thesis was to examine growth differences 
between Scots pine and Norway spruce in different stages during the 
rotation, to investigate possible reasons for the differences, and to put species 
choice in a wider context. Thereby, the knowledge basis regarding growth 
patterns, growth responses and species choice has been improved. 
 
Planted Scots pine seedlings outgrew Norway spruce seedlings at all sites 
in diverse environments (Paper I), which is consistent with previous studies 
(Johansson et al., 2015; Luoranen, 2018). Site preparation was favorable for 
both species as it increased survival and growth, and this is consistent with 
previous research (reviews by Löf et al., 2012; Sikström et al., 2020), 
suggesting that it should be done before planting. In low nutrient 
environments, early growth of Norway spruce was severely hampered 
compared to Scots pine that grew relatively, which is in line with previous 
research (Kardell, 2010). The results suggest that site preparation techniques 
removing large amounts of organic material should be avoided when 
planting Norway spruce.  
 
N uptake and dependence on N retranslocation was found to be a reason 
for the initial growth responses found in Paper I, when it was investigated 
by the use of 15N-labelled seedlings (Paper II). Both species followed 
similar trajectories regarding N uptake and retranslocation, but Scots pine 
had higher N uptake and higher leading shoot growth the following year. 
However, increased N uptake for Norway spruce in the north after the first 
growing season did not increase leading shoot growth the second growing 
season, indicating other possible limiting factors. As the role of 
retranslocated N diminished after the second growing season, it can be 
5. Conclusions and implications 
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concluded that N uptake following outplanting is crucial, and retranslocated 
N is insufficient for satisfactory seedling growth. Instead, effective 
silviculture by optimizing site-species choice and suitable site preparation 
should be practiced. In addition, fertilization could possibly be an add-on to 
increase both initial- and long term growth for both species, as it has been 
shown to increase growth in previous studies (Timmer & Morrow, 1984; 
Nambiar & Fife, 1991; Munson et al., 1993; Nordborg & Nilsson, 2003; 
Nordborg et al., 2003; Johansson et al., 2012; Thiffault et al., 2017). Slow-
release fertilizer could be of particular interest as Thiffault and Jobidon 
(2006) found promising results. As seedlings also take up organic N, 
fertilization with the amino acid arginine is a possible alternative to have the 
seedlings well supplied with N and improve growth (Näsholm et al., 2009; 
Gruffman et al., 2012; Wilson et al., 2013). Low rates of potential N2-fixation 
capacity in fine roots of Scots pine and Norway spruce were also determined. 
Although differences were detected between species, the contribution of N2-
fixation to N acquisition was minuscule.  
 
Scots pine produced 126% more stem wood than Norway spruce after 57 
years and production was still diverging, but no overyielding was found 
(Paper III). In the mixture, Scots pine seemed to grow as if being in a wider 
spacing (Wallentin, 2007), while Norway spruce suffered from increased 
competition. However, establishing a mixture reduces the risk of sub-optimal 
species choice, and could be an insurance against low survival, low 
production or species-specific damages. Paper III is hence a good example 
of a long-term experiment with good statistical design, and is highly valuable 
for a general understanding, showing why forest owners could consider 
establishing a mixed forest. The drawback is that it only represents one site, 
making it difficult to draw general conclusions.  
 
The conversion of Scots pine sites to Norway spruce can be seen as a 
large-scale uncontrolled experiment, as every stand converted is further 
reinforcing uncertainties, risks and possible future implications (Paper IV). 
A conversion from Scots pine stands to Norway spruce mostly had negative 
effects on ecosystem services and forest biodiversity. For example, the lower 
light levels typically found in Norway spruce stands (Petersson et al., 2019) 
had many negative biodiversity implications. Ecosystem services were to the 
vast majority deemed to have negative outcomes from a conversion from 
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Scots pine to Norway spruce, and stemmed from risks specific to Norway 
spruce, risks specific to Norway spruce growing on unsuitable sites, and risks 
with an increased uniform Norway spruce landscape. A conversion would 
likely decrease the browsing damage at a stand scale, as Norway spruce is 
less palatable for cervids (SFA, 2020). Nevertheless, at a landscape scale, the 
browsing pressure in the remaining stands would potentially increase, and by 
that reinforce the conversion spiral (Wallgren et al., 2013; Bergqvist et al., 
2014). Unfortunately, the risk of browsing seems to override most other 
concerns regarding risks and potentially low growth of Norway spruce on 
unsuitable sites (Lidskog & Sjodin, 2014; Lodin et al., 2017), as it seems like 
forest owners, at least in southern Sweden are following the saying “Spruce 
or Lose”. Hence, a key issue with the potential to unlock the major part of 
the complex conditions regarding species choice and regionally extremely 
low use of Scots pine would likely be to in some way resolve the “browsing 
dilemma”.  
 
Further, using Norway spruce at inappropriate sites would likely decrease 
forest growth, causing economical losses for the forest owners and reduced 
carbon sequestration. Scots pine probably has the potential to grow similarly 
or better than Norway spruce, not only on poor or dry sites, but up to rather 
high fertile site types, while having vital biodiversity benefits and providing 
significant higher levels of diverse crucial ecosystem services, providing 
win-wins in several dimensions. These findings from Papers III-IV have 
highlighted the importance of not losing Scots pine in the Swedish forest 
landscape in the long term, particularly in southern Sweden. It has also 
clarified for the public, decision makers, forest owners and forest managers, 
possible implications of a conversion of Scots pine stands to Norway spruce, 
and expected results if the conversion is not halted and reversed. 
Nevertheless, it does not mean to regenerate with Scots pine everywhere and 
to completely stop using Norway spruce, which would also have severe 




                                                     
1 “Lagom” is a Swedish word with a complicated English translation. It usually refers to something like:             
”just about enough but not too much or too little”. 
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Finally, my results have further expanded on previous limited scientific 
knowledge regarding growth comparisons between Sweden’s by far two 
most common and economically valuable tree species. It has given possible 
ecophysiological explanations, elucidated the importance of species choice 
from the elemental level to landscape scales. In addition, it has pin-pointed 





Because of the lack of long- and short-term studies of the two species at 
the same site with a statistically sound design, there is high potential for 
enhancing the scientific knowledge in several aspects. 
 
Due to the complexity of the soil-plant ecosystem, more sophisticated 
studies than, for example, traditional fertilization studies could be a way to 
further enhance our understanding. Hence, future studies of establishment 
and growth could focus on disentangling limiting factors for both species by 
optimization studies further studying the role of N uptake and 
retranslocation. Regarding N2-fixation, some of the limitations in my thesis 
could be addressed by accounting for naturally-emitted ethylene from fine 
roots, and by quantifying the contribution of N2-fixation at a per seedling or 
per hectare basis. A wider span of root diameter classes and different tree 
ages could also be studied. 
 
Higher frequency of droughts, predicted by climate models (de Groot et 
al., 2013; Flannigan et al., 2013), and a stronger interest in the use of 
prescribed burning for nature conservation and fuel management (McKenzie 
et al., 2004; Conedera et al., 2009) may increase fire occurrence. This 
development calls for more research focused on how both species establish 
and grow following fire and interaction between tree species and fire 
severity, a knowledge gap identified in this thesis. Long-term comparative 
studies of Scots pine and Norway spruce with unburned controls are rare in 
Scandinavia, and previous research has not revealed a consistent pattern of 
growth responses. 
 
6. Future perspectives 
56 
A potential addition to the silvicultural toolbox that might help mitigating 
a conversion of Scots pine stands to Norway spruce could be establishing 
mixed forests of both species by using planted Norway spruce and naturally 
regenerated Scots pine (Nilsson et al., 2006). There was previously a large 
interest in this method, but no follow-up has been carried out after the first 
early evaluation. 
 
The planting of Norway spruce by default, particularly in southern 
Sweden, could potentially be mitigated if the economic consequences of 
Norway spruce on unsuitable sites were visible for forest owners and policy 
makers. Regarding the “million dollar question” and if survey data methods 
or scientific field experiments is the best way to evaluate and compare the 
potential growth of both species, I would place my bet on experiments being 
more reliable, and by that, pin-pointing the crucial need of more. A 
nationwide study with both species growing in monocultures and mixtures 
in a scientific experimental setup spanning over a wide gradient of fertility- 
and moisture classes, could potentially be an eye-opener for the forestry 
sector and the public. Growth and impacts on biodiversity in such 
experiments should also test different silvicultural regimes (i.e., different 
combinations of site preparation methods, spacing, thinning, fertilization, 
etc.). However, to get whole-rotation results from such studies takes a long 
time due to Sweden’s northern location and slow forest growth. Meanwhile, 
we need reliable models enabling us to make good simulations and test 
different silvicultural regimes in both monocultures and mixed forests.  
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1. Definitions of stand types according to NFI (SLU, 2019) 
Species’ proportions are based on the share of basal area (m-2 ha-1) in stands 
with an average height of 7 m or higher, or the share of crop trees or seedlings 
 
• Scots pine forest 
≥ 65% Scots pine 
 
• Norway spruce forest 
≥ 65% Norway spruce 
 
• Lodgepole pine forest 
≥ 65% lodgepole pine 
 
• Mixed-coniferous forest 
None of the above, but ≥ 65% conifers 
 
• Mixed forest 
> 35% to < 65% broadleaves 
 
• Broadleaf forest 
≥ 65% broadleaves, and < 45% valuable broadleaves3 
 
• Valuable broadleaf forest 
≥ 65% broadleaves, and ≥ 45% valuable broadleaves 
 
To better describe the proportion of monocultures in Sweden, an alternative 
95% threshold for the monocultures described above was used in SLU 
(2019), which then classified around 74% of Sweden’s forests as mixed. The 
proportion drops to 20% mixed forest when the typical threshold of 65% for 
the monocultures is used, as described above.  
                                                     





Figure 13. Forestry students (jägmästarstudenter) listening carefully to Kramfors AB 
forest director jägmästare Eric Ronge teaching about thinning close to Bosundet, 
Ångermanland in northern Sweden in 1924. (Photo: SLU – Forest library) 
 
Figure 14. Forestry students (jägmästarstudenter) at an old coniferous mixed stand with 
854 m3 standing volume. Professor Manfred Näslund, jägmästare Folke Thörn and 
jägmästare Carlsson-Ingerstedt can be seen in the middle of the photo, Johannishus, 
Blekinge in southern Sweden in 1924 (Photo: SLU – Forest library) 
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Despite a long history and tradition of silvicultural research in Sweden, 
few studies have compared the growth of Scots pine and Norway 
spruce at the same site. My findings show site-specific growth 
differences between the species at different stages in a rotation. In 
this thesis, possible underlying reasons for those growth responses 
were investigated. The thesis also highlights the importance of long-
term experiments and discusses species choice in a wider context 
than only production.
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